To establish the dose−response for pharmacodynamics (bronchodilatation), safety and pharmacokinetics for a nebulized formulation of the long acting muscarinic antagonist glycopyrrolate (EP-101) with a high efficiency nebulizer in patients with chronic obstructive pulmonary disease (COPD).
RESULTS
All treatments were well tolerated with similar adverse event rates reported with placebo and at all doses. There were no clinically relevant changes in heart rate, systolic and diastolic blood pressure or in ECG parameters including QTc interval. Following treatment with EP-101 at all doses there was a rapid bronchodilator response within 5 min. Significant improvements in mean change from baseline FEV1 at 24 h were reported at doses ≥50 μg compared with placebo, with a clear dose−response relationship. Mean changes in FEV1 were 0.10 l (95% CI 0.06, 0.14) and 0.12 l (95% CI 0.08, 0.16) for 100 μg and 200 μg, respectively.
CONCLUSION
Single doses of EP-101 ranging from 12.5 μg to 400 μg were well tolerated. EP-101 delivered by high efficiency nebulizer device produced a rapid onset of bronchodilatation with clinically meaningful improvements in lung function maintained over a 24 h period at all doses >50 μg.
WHAT IS ALREADY KNOWN ABOUT THIS SUBJECT
• Long acting muscarinic antagonists, including tiotropium and glycopyrrolate, are a cornerstone of therapy in chronic obstructive pulmonary disease (COPD). EP-101 is a novel soluble glycopyrrolate formulation that can be delivered using an efficient nebulizer device.
Introduction
Muscarinic receptor antagonists (anticholinergics) play a central role in the management of chronic obstructive pulmonary disease (COPD) [1] [2] [3] . Long acting muscarinic antagonists (LAMAs) provide effective bronchodilatation with a convenient dosing schedule. Glycopyrrolate is a LAMA that is kinetically selective for M1-and M3-receptors [4] , with a slow receptor dissociation time and has a quaternary ammonium structure [4] . It has long been approved for intravenous (i.v.) and intramuscular (i.m.) injection and oral formulations are also available. The safety of systemic glycopyrrolate bromide administration has been well documented over a 30 year period [5, 6] . The safety of inhaled glycopyrrolate is also supported by extensive clinical studies with a dry powder formulation of this drug [7] . A soluble formulation of glycopyrrolate bromide has been developed (EP-101) which can be delivered by nebulizer. Nebulizer delivery is an effective way to deliver drugs to COPD patients who have difficulty using inhalers, such as those with low inspiratory flow rates which make it difficult to use dry powder inhalers. The eFlow® PARI device (see Figure 1 ) is a high efficiency nebulizer, which can be used to deliver EP-101 for the long term, maintenance treatment of patients with COPD. The eFlow® nebulizer system is able to deliver a wide range of drug volumes (0.5 ml to 5 ml) and dosages (0.01 mg to 1000 mg), allowing patients to take their treatment during consecutive breaths. The hole sizes can be adjusted from just below 2 μm upwards.
This study investigated the dose−response effects and duration of bronchodilatation of EP-101 administered using the eFlow® PARI device in patients with moderate to severe COPD. We also assessed the tolerability and pharmacokinetics of this formulation.
Methods
This was a two centre, randomized, placebo-controlled, double-blind, dose ranging, single dose, six way crossover study in patients with COPD of 40-75 years of age. The study was approved by the North West 7 Research Ethics Committee -Greater Central Manchester (10/H1008/36) and all subjects provided written informed consent.
Study design
Subjects were eligible for the study if they had a clinical diagnosis of moderate to severe COPD with a postbronchodilator FEV1 30-70% of predicted normal at the screening visit. Patients were also required to demonstrate at least 12% and 150 ml reversibility to inhaled ipratropium bromide. Eligible subjects participated in six treatment visits separated by washout periods of 5-12 days. Subjects were randomized to receive a single dose of EP-101 (12.5 μg, 25 μg, 50 μg, 100 μg and 200 μg) or placebo (between 08.00 h and 09.00 h) at each treatment visit. The study treatments (both active and placebo) were administered using the eFlow® nebulizer (PARI, Starnberg, Germany).
During each treatment visit the subject's pre-dose FEV1 value was required to be within 15% of the pre-dose value at the first treatment visit, otherwise the visit was rescheduled. Study procedures during each treatment visit included serial spirometry at pre-dose, immediately following dosing (within 5 min) and 15, 30 min and 1, 2, 4, 6, 8, 10, 12, 14, 20, 23.5, 24, 27 and 30 h post-dose. Blood samples were obtained to determine plasma glycopyrrolate concentrations at pre-dose and 5, 15, 30, 45 and 60 min and 2, 4, 6, 8 and 12 h post-dose in a subset of patients (n = 11). Heart rate, blood pressure and 12-lead electrocardiogram were obtained at pre-dose and 30 and 60 min and 2, 6, 12 and 24 h post-dose. Blood for biochemistry screening was taken at the screening visit and within 7 days following the last study treatment (safety follow-up visit).
Subjects were required to withhold any long acting β2-adrenoceptor agonists (LABA) bronchodilators for at least 24 h and short acting bronchodilators (e.g. salbutamol, ipratropium or a combination) for at least 8 h prior to receiving each study treatment. Inhaled LAMA (e.g. tiotropium bromide) was not permitted within 7 days prior to the screening visit and for the duration of the study and was replaced by inhaled ipratropium bromide. Inhaled corticosteroid use was permitted during the study provided that the steroid dose was stabilized for at least 6 weeks prior to the screening visit and throughout the study period. Rescue salbutamol was allowed for as-needed use any time during the study. However, if rescue salbutamol was used within 8 h of the treatment visit, then the visit was rescheduled.
Lung function
Spirometry was performed in accordance with guidelines according to American Thoracic Society/European Respiratory Society standards [8] . For Caucasians of nonEuropean descent and non-Caucasians, predicted values for FEV1 and FVC were to be adjusted for race as per the European Coal and Steel Community (ECSC) guidelines [9] . Recordings were made with Vitalograph equipment (Buckingham, UK).
Laboratory analysis
Pharmacokinetic measurements of EP-101 were performed by Simbec Research Limited (Merthyr Tydfil, UK) using a validated liquid chromatography-tandem mass spectrometry (LC-MS-MS) method [10] . Data acquisition and integration were achieved using Applied Biosystems MDS Sciex Analyst software. The upper and lower limits of quantification were 10 443.56 pg ml −1 and 26.11 pg ml −1 , respectively.
Statistical analysis
Analysis was performed on the intention-to-treat population. An analysis of covariance (ANCOVA) with fixed effects for centre, treatment, period, sequence and a random effect for subject within sequence was used to calculate least square means using pre-dose FEV1 as a covariate. For comparisons point estimates, 95% confidence intervals (CI) and P values for the difference between each EP-101 treatment vs. placebo were constructed using the residual mean square error obtained from the ANCOVA, standardized FEV1 and AUC were calculated using the linear trapezoidal rule (WinNonlin). The incidence of adverse events (AE) was compared between treatment groups with summary tables by treatment group, with descriptive statistics to summarize data.
Results

Patient characteristics
Patient demographics are shown in Table 1 . The patients had moderate to severe COPD (mean FEV1 54% predicted). Of the 42 subjects enrolled 35 completed the study, seven subjects were withdrawn, four due to adverse events including COPD exacerbations, two subjects were withdrawn for protocol non-compliance and one subject withdrew consent.
Table 1
Patient demographics and summary of baseline characteristics 
Pharmacodynamic response
At all tested doses there was rapid onset of response (at 5 min, the first assessment) in FEV1 and the response followed the normal circadian rhythm over the 24 h period ( Figure 2 ). There was a dose−response relationship in the time normalized FEV1 (0-24 h; Figure 3 ). The placeboadjusted mean FEV1 change from baseline at 24 h postdose (Figure 4 ) also showed a dose−response relationship, with statistically significant improvements observed at doses ≥50 μg. Clinically meaningful improvements >100 ml for the placebo-adjusted FEV1 improvements at 24 h post-dose were observed at the 100 μg and 200 μg doses, suggesting sustained 24 h bronchodilatation at these doses. Table 2 shows the placebo adjusted FEV1 mean difference from pre-dose across the different doses, demonstrating dose-response effects.
Safety
Single doses of EP-101 were well tolerated (Table 3) with comparable AE profiles to placebo. There were no clinically significant differences from placebo in heart rate, blood pressure and ECG parameters, including QTc.
Pharmacokinetics
The mean delivery time for all doses of EP-101 was less than 2 min (range 1.6−1.9) and EP-101 was rapidly absorbed with peak plasma concentrations within 15-30 min. Systemic exposure of EP-101 showed a dose- 
Figure 2
Mean change from baseline FEV1 after different doses of nebulized glycopyrrolate. The first assessment at 5 min post-dose is displayed at 0 h. , placebo;
, 12. 
Figure 4
Placebo-adjusted FEV1 at 24 h (ITT population; mean ± SEM) after different doses of nebulized glycopyrrolate. *P < 0.001 ANCOVA. n = 37-39 proportional increase in Cmax over the dose range 12.5-400 μg. There were only two measurable plasma glycopyrrolate concentrations available at the 12.5 μg dose level. Therefore, 12.5 μg was not included in the dose proportionality analysis ( Figure 5 , Table 4 ).
The elimination half-life (t1/2) of glycopyrrolate was calculated for the 0-1 h and 0-12 h intervals. The median t1/2,0−1h ranged from 1.10−1.15 h and median t1/2, 0-12 h ranged from 2.30−7.45 h following administration of 50, 100, 200 and 400 μg, respectively.
Discussion
COPD is characterized by chronic inflammation of the airways and lung parenchyma, which causes chronic airflow limitation due to a mixture of small airway disease and parenchymal destruction, resulting in air trapping and hyperinflation. Unlike asthma, airflow limitation is progressive and is not fully reversible [11, 12] . LAMA alone [13] or in combination with LABA [7, 14, 15] or in triple therapy with inhaled corticosteroids (LABA/LAMA/ICS) [16] are well established treatments for COPD. Vagal cholinergic tone has a greater effect on airway resistance in airways narrowed by fixed obstruction and blocking of this cholinergic bronchoconstriction reduces airway resistance and in peripheral airways reduces air trapping [1] . The bronchoconstrictor effect of acetylcholine is mediated mainly through M3-muscarinic receptors on airway smooth muscle cells, whereas M1-receptors enhance cholinergic reflexes. By contrast M2-receptors on cholinergic nerve endings inhibit acetylcholine release and should not be blocked. Anticholinergics, such as tiotropium and glycopyrrolate, which selectively block M1 and M3 receptors are therefore preferable to non-selective muscarinic antagonists, such as atropine and ipratropium bromide, that also block M2 receptors [17, 18] . Both glycopyrrolate and tiotropium are kinetically selective for M1 and M3 receptors and have a similar duration of action with slow dissociation for these receptor subtypes [4, 19, 20] . The slow dissociation profile of glycopyrrolate contributes to the long duration of action seen in this and other clinical studies [21] . By contrast there is a much more rapid dissociation from M2 receptors and this kinetic selectivity avoids prolonged blockade of pre-synaptic M2 receptors thus reducing the increased release of acetylcholine which may antagonize the bronchodilator effect of blocking the M3 receptors.
A dose-related and clinically significant improvement in FEV1 following nebulized EP-101 at 24 h indicates that this drug causes lung function improvements that are present for up to 24 h after dosing. The bronchodilatation observed is consistent with a local site specific effect [1] . The magnitude of the placebo-adjusted FEV1 improvement at 24 h post-dose in this study was >100 ml at both the 100 μg and 200 μg doses (Figure 4) . Extrapolating from clinical trial data [22] >100 ml change is felt to be clinically meaningful. The bronchodilator effect persists at 24 h despite low trough concentrations of drug, explained previously by the receptor profile of glycopyrrolate.
Table 2
Statistical analysis of change from pre-dose in FEV1 through 24 h post-dose compared with placebo group (ITT population); Least square mean difference from pre-dose FEV1 (95% CI) all values P < 0.001; *P < 0.01; NS not significant. n = 37 for placebo, n values for each dose are stated in the table Table 3 Number and frequency of spontaneously reported adverse events. The percentage of subjects who reported adverse events was similar comparing EP-101 and placebo treatment
EP-101 doses Patients
Placebo 12.5 μg 50μg 100 μg 200 μg 400 μg n (%) n = 37 n = 39 n = 38 n = 37 n = 37 n = 37 Total 14 (38) 16 (41) 14 (37) 17 (46) 15 (41) 13 ( Single doses of EP-101 delivered via the investigational eFlow® nebulizer were safe and well tolerated. There were no clinically relevant significant changes in vital signs and ECG parameters, and there was an absence of the typical muscarinic side effects, such as dry mouth and increased heart rate, although this was a single dose study and these data need to be interpreted with caution. Currently available anti-cholinergic drugs all contain a quaternary ammonium, which is why these drugs do not penetrate the blood brain barrier and have a lower systemic absorption and more favourable adverse event profile then their predecessor atropine, which had considerable CNS side effects [18] .
The first reported study using nebulized glycopyrrolate described bronchodilatation following methacholine challenge in asthma [21] . Subsequently glycopyrrolate has been developed as a single agent [21, 23, 24] , in combination with LABA [25] [26] [27] , or triple therapy in combination with LABA, LAMA and ICS [28, 29] for the treatment of both asthma and COPD. A potential disadvantage of fixed dose combination therapies may be that the fixed daily dose of glycopyrrolate is 50 μg or less. The dose−response to FEV1 suggests that the optimal dose of glycopyrrolate should be at least 100 μg, which corresponds to ΔFEV1 > 100 ml [7, 30] .
Tiotropium (Spiriva) is available as a single dose dry powder inhaler (DPI; Handihaler) and a soft mist inhaler (Respimat), whereas glycopyrrolate (Seebri) is available (in the EU only) as a dry powder inhaler. Neither of these marketed drugs is available for nebulized treatment.
Tiotropium is only poorly soluble and not suitable for nebulization. While metered dose inhalers (MDIs) and DPIs are the most widely prescribed medications for COPD patients, up to 75% of COPD patients do not receive an optimal dose from inhalers due to poor coordination, an inability to inhale rapidly and forcefully, an inability to hold their breath for the allotted time (up to 10 s) after the dose, and exhalation into the device before or after the dose delivery [31, 32] . Delivery by nebulization provides an effective alternative for those patients who experience difficulties using an MDI or DPI device. Generally these patients tend to be older, more debilitated and more severely obstructed patients. These patients may find nebulizer delivery of their medications to be more effective since an optimal dose is delivered by normal (tidal) breathing, regardless of disease state [33, 34] .
Currently available bronchodilatation medication for nebulization are short acting muscarinic antagonists (ipratropium bromide) [35] , short acting β2-adrenoceptor agonists (salbutamol, terbutaline) and long acting β2-adrenoceptor agonists (formoterol, salmeterol, indacaterol) [35] , as well as a combination of ipratropium bromide and salbutamol (DuoNeB®). The short acting bronchodilators require two or four treatments a day when administered via a general purpose jet nebulizer. These medications also require 10-15 min administration time per dose, which is likely to result in lower compliance. Patients are also burdened with large, non-portable general purpose nebulizers that can take up to 10-15 min to deliver each dose. These frequent, long treatments are inconvenient, making it difficult for the patient to accept and be compliant with treatment. Therefore, COPD patients who rely on nebulized treatment would benefit from a LAMA delivered by a portable nebulizer over a shorter treatment time. This form of delivery may also be appropriate for the treatment of acute exacerbations in the future. The mean delivery time for all doses of EP-101 was less than 2 min (range 1.6-1.9 min), a rapid delivery that compares very favourably with general purpose nebulizers. This delivery using a high efficiency nebulizer (eFlow® system, PARI) also facilitates for the long term, maintenance treatment. The nebulizer device may be used once daily or if preferred as a twice daily regimen to enhance bronchodilatation and reduce side effect profile (by lowering Cmax). The eFlow® nebulizer (see Figure 1 ) provides glycopyrrolate as finesized droplets with a mass median diameter (MMD) of approximately 3.5 microns and a smaller geometric standard deviation (GSD) of approximately 1.5 with better delivery to peripheral airways and more homogenous distribution in the lungs than with standard nebulizer delivery systems. The in vitro lung dose is also increased more than three-fold by using the eFlow® nebulizer compared with general purpose nebulizers. Mucus secretion is largely mediated by M3-receptors and M3-receptor blockade may also reduce mucus hypersecretion [18, 36] . Recent studies have demonstrated an anti-inflammatory action of muscarinic antagonists which includes abrogation of animal models of allergen challenge [4] , reduction in neutrophil elastase activity [37] and modification of growth factors, such as EGF and TGFβ [38, 39] . Airway remodelling in COPD correlates with disease severity [40] and both neuronal and non-neuronal acetylcholine and muscarinic receptors appear to be involved in inflammation which suggests a potential long term benefit for LAMA therapy in COPD [41] [42] [43] .
In conclusion EP-101 delivered via the investigational eFlow® nebulizer was safe and well tolerated, with no significant changes in cardiovascular signs and ECG parameters. There was a dose-related and clinically significant improvement in FEV1 following nebulized EP-101. EP-101 showed linear pharmacokinetics with dose proportionality over the 12.5-400 μg dose range. This study together provides support for development of EP-101 as a convenient nebulized LAMA bronchodilator for COPD patients.
